This two-generation study evaluated the effects of depleted uranium (DU) on reproduction in rats. Across two generations, Wistar rats (30/sex/group) were maintained on feed containing DU at dose levels of 0 (control group), 4 (DU4 group), or 40 (DU40 group) mg kg -1 day -1 for 4 months prior to mating. After 4 months of exposure, the pregnancy rate, normal labour rate, and survival rate of offspring produced by F1 rats were all significantly decreased as compared to the control group, and especially in the DU40 group, these parameters fell by half to two-thirds, while no adverse effects were evident in F0 rats. The uranium content in the testes and ovaries of F1 rats in the DU4 and DU40 groups was significantly higher than that found in F0 rats. The levels of sex hormone in the serum were disorder in both generations. The enzymes related to spermiogenesis were also significantly different between generations, and the damage was more severe in F1 rats. In conclusion, the reproductive effects in F0 rats were slight after chronic oral exposure to DU, while the effects were obvious in F1 rats.
INTRODUCTION
In recent years, depleted uranium (DU) weapons have been used with increasing frequency in wartime. DU was used primarily in armour penetrating munitions in the Persian Gulf conflict and in the Balkans. [1] [2] [3] [4] It was likewise used in Iraq, primarily in 2003. Its use in other conflicts, such as Afghanistan in 2003 and southern Lebanon in 2006, has been suggested but remains unsubstantiated. 5) DU is a by-product of the uranium (U) isotope enrichment process. Aside from having 40% lower radioactivity than purified natural U, DU has chemical toxicity levels similar to those of enriched or chemically purified natural U. The physical half-life of DU is long. Therefore, it can remain in the environment, including the soil, groundwater, plants, and animals, for long periods of time. It eventually enters the human body via the food chain.
6) The probable relationship between DU exposure and illness has been highlighted in recent years by reports of significant increases in the incidence of certain cancers and birth defects in southern Iraq, 7, 8) where DU was used extensively in 1991 and where civilian chronic exposure to DU dust is likely.
When inhaled or ingested in sufficient doses, DU constitutes a distinct health hazard. 1, 2, 4) U exposure is well known to damage kidney function. Kidneys as well as bones are the primary reservoirs for U in the body. 9) Zhu et al. 10) reported that in male Sprague-Dawley rats which were surgically implanted in gastrocnemius muscle with DU fragments at 3 dose levels (low, medium and high), at 360 days postimplantation, the U concentrations in bone were 6.92 ± 0.97 μg U/g, 16.35 ± 1.67 μg U/g and 21.64 ± 3.68 μg U/g in the low-, medium-and high-dose group animals, while values in kidney tissues were 10.66 ± 1.10 μg U/g, 14.06 ± 1.28 μg U/g and 17.79 ± 2.87 μg U/g, respectively. Although the general toxicity of U, including its effects on kidneys, is well established, [11] [12] [13] the impact of U on reproduction and development warrants further study. 14) Some reports examining rodents have highlighted a negative impact of U on reproductive functions. More specifically, previous reports have indicated decreases in male fertility and in the spermatid number per testis with few histopathological effects on the seminiferous tubules and interstitium after chronic exposure. 15, 16) On the other hand, acute exposure has been associated with observations of testicular histopathological abnormalities with deformations of the seminiferous tubules. 17) Arfsten et al. 18) reported that implantation of up to 20 1 × 2-mm DU pellets in rats for approximately 21% of their adult lifespan did not have an adverse impact on male reproductive success, sperm concentration, or sperm veloci-ty. Nevertheless, some authors have reported an increase in embryonic or fetal resorption after implantation following acute or subchronic exposure. 19, 20) The contradictory results presented in this body of literature can be explained in part by heterogeneity among experimental designs. Indeed, U toxicity depends on contact time, particle solubility, route of exposure, and rate of elimination. 21) Recently, Arfsten et al. 22) evaluated the effects of long-term implantation of DU on the reproductive success of F 0 generation adults and development and survival of subsequent F 1 and F 2 generations in a two-generation reproductive toxicity study, and the result showed that DU is not a significant reproductive or developmental hazard. Another study 23) has reported that DU is toxic to female gametes. The NOAEL (No Observable Adverse Effect Level) for oocyte quality has been determined to be 10 mg L −1 in drinking water (1.9 mg kg −1 day −1 ). Oocyte quality is a sensitive indicator of the toxicity of xenobiotic compounds on female reproduction since oocyte quality can be impacted without accumulation of the toxic substance in the ovaries. Grignard et al. 24) reported that, to distinguish chemical versus radiological effects of U on the metabolism of the steroids in the testis, rats were contaminated via their drinking water with DU or enriched uranium (EU). Animals were exposed to radionuclides for 9 months at a dose of 40 mg/L (560 Bq/L for DU, 1680 Bq/L for EU). Whereas DU did not seem to significantly affect the production of testicular steroid hormones in rats, EU significantly increased the level of circulating testosterone (T) by 2.5-fold.
However, after long-term oral exposure to low doses of DU in food, almost no areas of the body are spared from its spread. In this study, rats were chronically fed low doses of DU to evaluate the reproductive effects of DU. This preliminary study evaluated long-term hazards associated with low-dose DU.
MATERIALS AND METHODS

Animals
The sources of Wistar rats and breeding conditions were as previously reported. 25) After a quarantine period of 7 days, the rats were weighed and randomly divided into three groups, each of which had an approximately equal mean body weight (n = 30/sex/group). Control group was fed ordinary food, and another two groups (DU4, DU40) were fed food contaminated with 4 or 40 mg DU kg −1 day −1
. Except for during the weaning of the pups on postnatal day 21, F1 rats were fed a diet containing DU until death, similar to F0 rats. The study proceeded following Chinese legislation about the care of animals used for experimental purposes.
Exposure
The isotopic composition of DU (specific activity of 1.24 × 10 4 Bq/g) as a proportion of the total mass was as previously reported. 25) To prepare the DU-spiked food, a small amount of concentrated nitric acid was added to a DU chip, which was then diluted in double-distilled water to the appropriate volume. This solution was then mixed evenly into the feed powder, machine-shaped, and dried in the sun. The control group's ordinary food was similarly processed, but without the addition of DU. U was administered as uranyl nitrate, because uranyl ions (UO 2 ) 2+ are the most stable species of U in solution and mammalian body fluids. 21 However, relatively insoluble U compounds, specifically UO2,U3O8, and UF4, were nontoxic even at levels of up to 20% by weight in the diet. 26, 27) The DU dose used for rat intake in the present study was determined based on reports in the literature about DU environmental pollution levels.
28)
Experimental evaluation of reproductive performance
The animals were paired on a 1:1 basis within each treatment group (n = 30/sex/group). All animals were randomly selected for pairing. Females from the toxicokinetic phase were paired with a male rat of the same strain from the stock breeder colony. Adults were mated at 4 months of age (The mating success of rats of breeding age is 90-94% per pairing), 20, 29) and appearance of a seminal plug was considered as evidence of successful mating and a sign of pregnancy. 18) This specific method was also the same as the Hao et al.. 25) After the baby rats (F1) were born, the number of babies, birth deformities that were visible to the naked eye, and mortality rates were recorded. The weight of baby rats was measured daily during the first 4 days and at 21 days after birth. F1 rats were then fed DU-containing diets until they reached maturity and had mated with littermates that had been fed a diet containing the same concentration of DU until they gave birth to the second generation (F2). Throughout this process, the parents (F0 and F1) continued to receive a diet containing DU until death. We measured the following four indicators:
(1) Pregnancy rate = the number of pregnant females/ the number of mating females × 100%.
(2) Normal labor rate = the number of normal deliveries/ the number of pregnant females × 100%.
(3) Survival rate of pups at birth = the number of offspring surviving 4 d after birth/ the number of pups delivered × 100%. During the trial, food consumption was recorded to reflect chow intake. During the pups were born, the number of live births and stillbirths were recorded for each litter.
U analyses
Over the four months after ingestion of DU, ten rats per group per sex were euthanized by rapid decapitation and U content was measured in the testes and ovaries. U content was determined by inductively coupled plasma mass spectrometry (ICP-MS), and the specific step was description as previously reported.
25)
Determination of sex hormones in the serum
Serum was collected from four-month-old rats via femoral artery bleeding until death. Ten male rats per group among F0 and F1 were selected randomly for blood collection. Serum luteinising hormone (LH), follicle-stimulating hormone (FSH) levels and T levels were measured using a 125 Ilabelled radioimmunoassay (RIA) test kit (Jiuding Medical & Biological Engineering Co., Ltd, in Tianjin, China). All tests were run in duplicate.
Determination of enzyme content related to spermatogenesis or energy metabolism
Ten male rats per group were euthanized by rapid decapitation at the age of 4 months. Both testicles were rinsed with ice-cold saline, and the testicular tissue was then washed with saline and homogenised. Homogenisation of the tissue was needed to break open the cells and release the soluble and mitochondrial enzymes. Finally, normal saline was added at a volume of nine times the testicular tissue, resulting in a 10% suspension of testicular tissue. This tissue was stored at 4°C. The extract was centrifuged at 3000 rpm/min for 10 min and the liquid supernatant was collected. Sorbitol dehydrogenase (SDH) levels, as well as those of the lactate dehydrogenase (LDH) isoenzymes and Na + -K + -ATPase were measured by colourimetry. Concomitantly, the method of Bradford was used to measure protein concentrations in the testicular tissue. The operation was performed in accordance with the instructions provided with the kit purchased from the Nanjing Biotechnology Company in China.
Data analysis
All data were analysed with SPSS 12 and Systat 10.2 (Systat Software Inc., Richmond, CA). We determined the normality of the continuous variable distributions (e.g., body weight) using probability plots, skew and kurtosis analyses, and the one-sample Kolmogorov-Smirnov test. Statistical tests were performed as described below.
All quantitative data were evaluated by ANOVA. Tukey's HSD was used to compare between the groups. Data are expressed in the text as means of several experiments or means ± standard deviation (SD). Results were considered to be statistically significant at p < 0.05 (two-sided).
RESULTS
Reproductive effects
The pregnancy rate, labour rate, survival rate of pups at birth, survival rate of pups to adulthood, and number of pups produced by F0 rats were not significantly different compared with those of the control group ( Table 1 ). All of these indicators were significantly lower for F1 rats compared to F0 rats fed the same dose of DU, and especially in DU40 group, these indicators fell by half to two-thirds. During the first four days or at the 21st day, the weights of F0 or F1 pups were not significantly different than those of the control (Table 2 ). In addition, no signs of overt teratology in appearance (such as cleft palate, skeletal variations, dorsal and facial hematomas) were found in F0 or F1 pups.
U content
After 4 months of exposure, differential U accumulations between groups were found in the testes (Fig. 1) . In the control group, U content was tiny, much lower than other groups which exposed to DU. It was obvious that whether in DU40 or DU4 group, U content was significantly higher in F1 rats than in F0 rats. The changes also were found in the ovaries as the previous study.
25)
Sex hormone content in the serum
The levels of sex hormone in the serum were disorder after 4 months of exposure to DU (Table 3) . In F0 rats, the T levels were significantly higher in the DU4 and DU40 groups than in the control group. The LH level was not significantly different in the DU4 group as compared to controls, but it was higher in the DU40 group than in the control group. The FSH level was higher in the DU4 group than in the control group, but was lower in the DU40 group than in the control group.
In F1 rats, the T level was significantly higher in the DU40 group as compared to the control group. However, the LH and FSH levels were significantly decreased in the DU40 group as compared to the control group, while LH and FSH levels were not significantly different in the DU4 group. When DU4 was compared with DU40, significant differences were observed for all indicators. Compared with F0 rats, the T level was lower in each dosage group of F1 rats, while the LH level was lower in F1 than in F0 rats in the DU40 group, and the FSH level was lower in F1 than in F0 rats in the DU4 group.
Enzymes related to spermatogenesis and energy metabolism
The determination results of enzymes related to spermatogenesis and energy metabolism are presented in Table 4 . In F0 rats, LDH was lower in the DU40 group and Na + -K + -ATPase were higher in the DU4 group compared with the control group, while SDH showed no significant differences for each dosage group. In F1 rats, SDH, LDH, and Na + -K + -ATPase levels were lower after 4 months of exposure to DU, especially in the DU40 group. Moreover, there were significant differences between the DU4 and DU40 groups with regard to the above indicators. In comparison to F0 rats in the same dosage group, SDH, LDH, and Na Bq/kg, which is higher than the normal environmental level. As a consequence, the groundwater and drinking water became polluted.
30) The urine U content in the bodies of people from the bombed area is 200 times more than that of individuals from other areas, 31) leading to great concern and interest from the U.S. Department of Energy. 5) In recent years, with the development of nuclear industry and the construction of nuclear power, DU waste has been increasing in the U re-treatment industry. The broad impact of DU contamination is an important concern as long-term intake of DU could lead to accumulation of the substance in the body. It is postulated that low level exposure to U for extended periods is not sufficient to produce the classic signs of toxicity, in this case renal failure, but would produce other detrimental effects. 32) The results of the present experiment showed that intake of such doses of DU for a long period of time lead to slight reproductive effects in F0 rats, but reproductive effects were significant in F1 rats. Compared with the control group of F1 rats, the pregnant rate, normal labor rate, survival rate of pups at birth and nurtured pups in F1 rats reduced by 48.8%, 62.5%, 41.3%, and 65.4%, respectively.
To date, many such studies have been based on inhalation of DU aerosols and implantation of DU fragments in one generation; fewer studies have been conducted using DU ingestion or in two generation. Previous study 33) have also shown that DU accumulates in reproductive organs. Acute inhalation exposure to high doses of DU dust (instantaneous concentration up to 1800 mg/m 3 ) could damage rat testicles by decreasing the number of sperm and increasing the apoptosis rate of spermatogenesis cells. 34) Preliminary data obtained by the U.S. Army Radiation Biological Research Institute showed that implantation of DU for 6 months or longer decreased the number of rodent births; however, no further details were released. 35) Other studies had different results from the present experiment. Some studies 14) found that, after 64 days of intake of a certain dose of uranyl nitrate (0 ~ 80 mg kg −1 day −1 ), the pregnancy rate of female rats decreased significantly, but there was no dose-dependent relationship for other factors. At all doses, testicular function and spermatogenesis were not affected, and the testis, epididymis, and spermatogenesis were all normal. The lower pregnancy rate might be due to changes in behaviour (including decreased sexual desire) after exposure to uranyl nitrate for 64 days. Arfsten et al. 22) evaluated the effects of long-term implantation of DU on the reproductive success of F 0 generation adults and development and survival of subsequent F 1 and F 2 generations in a two-generation reproductive toxicity study. The results suggested that DU was not a significant reproductive or developmental hazard, particularly when one considers that midand high-rats were implanted with the equivalent of 0.3 and 0.5 lb of DU in a 70-kg human, respectively. In fact, the different results from our study are related to contamination time, particle solubility, route of exposure. The present date showed that differential U accumulations were found in the testes. In the same dose group, U content in F 1 rats was significantly higher than that in F 0 rats. The exposure of F 1 rats occurred in utero plus during postnatal life. The accumulation is likely to be due to the longer exposure period compared to F0 rats or suggests that DU can accumulate from generation to generation. The content of U in the ovaries, kidney and urine was shown in the previous study, 25) and the determination of U content of kidney and urine was independent of sexual variations. With regards to ovaries, we also found ovarian follicles with pycnotic nuclei were observed, and corpus luteum enlarged and increased under a light microscope in the DU40 group of F1 rat. Thus, we may conclude that long-term intake of DU mainly impacts the offspring of exposed individuals due to the slow accumulation of DU.
In our previous work, 25) we found that after 4 months of exposure to DU, the sperm abnormality rate, marrow cell micronuclei rate, sperm comet tail length, and tailed cell percentage increased significantly, especially in F1 rats. We concluded that genotoxicity may be induced in rats after chronic oral exposure to a low dose of DU. In the present study, we also found DU affected male sex hormones secretion besides genetics. The results showed that the levels of sex hormone in the serum were disorder after 4 months of exposure to DU. In the DU40 group of F1 rat, the T level was significantly higher as compared to the control group, while the LH and FSH levels were significantly decreased. Yan et al. 36) recruited a total of 978 eligible subjects, the liner correlation analysis and variance analysis showed that sperm density was significantly lower in high T group compared with low group. EU significantly increased the level of circulating T by 2.5-fold in rats after exposed to DU for 9 months at a dose of 40 mg/L. 24) To our knowledge, T is mainly synthesised in Leydig cells endoplasmic reticulum and mitochondria. In our previous work, 25) we found that rats Leydig cells proliferated after 4 months of exposure to DU. Thus, proliferation of Leydig cells might be responsible for the observed increase in T. It is well known that lower LH and FSH always suggest disfunction of hypothalamus or pituitary. In addition, FSH is a main regulator of spermatogonia proliferation and is an initiator of spermatogenesis. Lower FSH will result to spermatogenesis disorder.
At the time of the original toxicology evaluations during the Second World War, two studies were performed, one of which featured exposure to high levels of the metal and the other of which involved only a brief 24-h exposure. 37) In both studies, statistically significant effects on reproduction were found (data not shown); however, the results were not repeated or replicated by other investigators. Other studies 38, 39) have reported results that differ from those described in this report. For instance, Zaire et al. 38) reported that there was a significant reduction in T levels and neutrophil counts in miners compared to unexposed controls. This difference might due to the high-dose toxic effects evaluated in those reports, in contrast to the low doses of DU evaluated in our study. More simply, these experiments represent different injury conditions.
The present study also showed that some of the enzymes involved in spermatogenesis or energy metabolism decreased slightly in F0 rats, although most effects were not significant. This effect might indicate that the amount of accumulated DU in F0 rats was not high enough to seriously affect spermatogenesis or energy metabolism. Given that F1 rats accumulated large amounts of DU, damage was more significant in these animals. This accumulation caused the levels of the key enzyme to drop significantly compared to the control group and F0 rats. LDH-X, the target enzyme that was used as an indicator of male fertility, plays an important role in spermatogenesis and sperm maturation. SDH is a sperm-specific enzyme that is mostly found in the testicular seminiferous tubules and mitochondria of sperm cells and plays an important role in sperm energy metabolism. Decreases in SDH indicate that sperm metabolic processes are disrupted. Na + -K + -ATPase plays the same role as SDH, consistent with previously published literature. 39) In our previous work, 25) we found sperm abnormality rate in the DU40 group of F1 rat increased by 4-fold as compared to the control group without DU exposure and sperm DNA damaged obviously. We also found the spermatogenic cell layer in the convoluted tubule was reduced, with increscent spermatogenic cell nucleoli and anachromasis thickening of the nucleolus under a light microscope. Thus, after chronic oral exposure to DU, spermatogenesis reduced and quality of sperm decreased in F1 rats.
In conclusion, after long-term intake of low doses of DU, the reproductive effects on F0 rats were slight, but the effects on F1 rats were significant. The reproductive effects (in F1 rats) might be related to both chemical and radioactive properties of DU. In F1 rats, DU accumulation partly came from their parents besides self oral exposure, so they may accumulate more DU than F0 rats. Besides more DU accumulation, F1 rats underwent more severe damage than F0 rats, which may be due to exposure to radiation before their birth. More research should be done to prove the conclusion, and the mechanism of the reproductive effects warrant further exploration.
